The PDZ domain is one of the most common protein-protein interaction domains in mammalian species. While several studies have demonstrated the importance of phosphorylation in interactions involving PDZ domains, there is a paucity of detailed mechanistic data addressing how the PDZ interaction is affected by phosphorylation. Here, we address this question by equilibrium and kinetic binding experiments using PDZ2 from protein tyrosine phosphatase L1 and its interaction with a peptide from the natural ligand RIL. The results show that phosphorylation of a serine residue in the RIL peptide has dual and opposing effects: it increases both the association and dissociation rate constants, which leads to an overall weakening of binding. Furthermore, we performed binding experiments with a RIL peptide in which the serine was replaced by a glutamate, a commonly used method to mimic phosphorylation in proteins. Strikingly, both the affinity and the ionic strength dependence of the affinity differed markedly for the phosphoserine and glutamate peptides. These results show that, in this particular case, glutamate is a poor mimic of serine phosphorylation.
Introduction
Recognition between cellular proteins is often mediated by interaction domains. Among these, in humans, the PDZ domain family represents the most abundant module, being characterized by 266 different domains in 152 PDZ-containing proteins (Doyle et al., 1996; Hung and Sheng, 2002; van Ham and Hendriks, 2003; Kim and Sheng, 2004; Luck et al., 2012; Ye and Zhang, 2013) . The PDZ domains are named after the acronym of the three proteins that were first found to contain these domains, i.e. the postsynaptic density protein 95 , disks large (Dlg) and zona occludens 1 (ZO-1) proteins. They exert their function by binding to specific targets via the recognition of a short stretch of amino acids (the so-called PDZ-binding motif, PBM), located typically, but not exclusively (Hillier et al., 1999; Karlsson et al., 2012; Delhommel et al., 2015) , at the carboxyl terminus of target polypeptides (Jemth and Gianni, 2007; Chi et al., 2012; Ye and Zhang, 2013) .
The three-dimensional structure of the PDZ domains corresponds to a globular fold of~90 amino-acid residues, composed of 6 β-strands and 2 α-helices; the 6 β-strands form 2 antiparallel β-sheets stacked onto each other ( Fig. 1) (Doyle et al., 1996) . The binding pocket is universally located between helix α2 and strand β2, where the PBM accommodates to adopt an extended strand-like structure.
The binding of a PDZ domain to its target depends on the precise sequence of the PBM (Hung and Sheng, 2002) . The typical PBM consists of a four-to five-residue long C-terminal sequence whose composition characterizes different classes of PBM. For example, the class II PBM is characterized by the sequence -X −3 -S/ T −2 -X −1 -Φ 0 COOH (where Φ is a hydrophobic residue). However, it was underscored by an analysis of all PDZ domains in mouse (Stiffler et al., 2007) , that a classification of PDZ domains is somewhat simplistic and that these recognition modules display a broad and overlapping range of specificities. Furthermore, it should be noted that PDZ domain-ligand specificity is not solely dependent upon the last four amino acids but may involve several more carboxy terminal amino acids, and even neighboring domains (Ivarsson 2012; Ye and Zhang, 2013 ).
An interesting mechanism of regulation of PDZ-mediated interactions is phosphorylation of Ser/Thr residues at position −2. For example, phosphorylation of Ser411 at the −2 position of the β2-adrenergic receptor by G-protein-coupled-receptor kinase-5 disrupts its interaction with NHERF1 (Cao et al., 1999) . However, there are also reports of enhanced binding upon phosphorylation of PBMs, or in the proximity of such motifs, and some PDZ domains thus interact with phosphopeptides. Phosphorylation appears to strengthen the interaction between the PDZ domain of LIM domain-binding protein 3 and C-terminal peptides derived from the calsarcin/myozenin and myotilin family (von Nandelstadh, 2009 ). In the case of human papillomavirus E6 protein, phosphorylation of its PBM appears to abrogate PDZ binding, while promoting the interaction with 14-3-3 proteins (Boon and Banks, 2013) . Furthermore, the function of Tiam1 PDZ domain has been shown to be regulated by phosphorylation of the PBM of syndecan1 (Sulka et al., 2009 ) and the structural details of such an interaction have been recently reported (Liu et al., 2013) . Thus, phosphorylation mechanisms appear to be involved in the regulation of PDZ-mediated interactions, but a detailed description in vitro of such effects is still lacking.
Here, we tackle this problem by employing a previously extensively characterized PDZ system (Walma et al., 2002 (Walma et al., , 2004 Gianni et al., 2005a Gianni et al., ,b, 2006 Gianni et al., , 2011 Di Silvio et al., 2014) , the second PDZ domain from the protein tyrosine phosphatase L1 (PDZ2), and its interaction with the C-terminal sequence of the RIL protein in a phosphorylated and non-phosphorylated state. The observed results, obtained by both equilibrium and kinetic experiments, provide a quantitative description of the effect of phosphorylation on the binding between a PDZ domain and its partner, and allow us to identify the key effects of this post-translational modification on the underlying binding mechanism.
Materials and methods

Protein expression and purification
The PDZ2 Y43W variant denoted PDZ2 in this article was purified as described previously (Gianni et al., 2005a,b) . Dansylated (D-) peptides corresponding to the C-terminus of RIL: D-EQVSAV and D-EQVpSAV as well as D-EQVEAV were purchased from JPT Peptide Technologies (Berlin, Germany); peptides were purified using high-performance liquid chromatography to a purity higher than 95%.
Binding experiments
All equilibrium and kinetic binding experiments were carried out at 283 K in 50 mM sodium phosphate pH 7.2. The ionic strength dependence of the reactions was conducted under the same conditions and with addition of different concentrations of NaCl (75 mM, 150 mM, 300 mM, 600 mM and 1.2 M, respectively). All reagents were of analytical grade.
Equilibrium binding experiments
Equilibrium binding experiments were carried out on a Fluoromax single photon counting spectrofluorimeter (Jobin-Yvon, Edison, NJ). Tryptophan fluorescence emission spectra were recorded in a cuvette (1 cm light path) between 300 and 400 nm using an excitation wavelength of 280 nm. PDZ2 Y43W was at a constant concentration of 1 μM in the experiments while the RIL peptide concentrations ranged from 1 to 30 μM for D-EQVSAV, and from 1 to 100 μM for D-EQVpSAV.
Stopped-flow binding kinetics
The kinetic experiments of binding and displacement were carried out on a single-mixing SX-18 stopped-flow instrument (Applied Photophysics, Leatherhead, UK); the excitation wavelength was 280 nm and the fluorescence emission was collected using a 320-nm long pass glass filter. All the measured time courses were consistent with a single exponential.
Pseudo-first order binding experiments were carried out by mixing a constant concentration of PDZ2 Y43W (1 μM) with increasing concentrations of RIL peptides, typically ranging from 3 to 12 μM. For each RIL peptide concentration, 3-5 acquisitions were made in the stopped flow and the average trace was analyzed. While the observed rate constants measured for the pSer peptide are at the limit of the stopped-flow technique, in this case they were measurable due to a very high signal-to-noise in the kinetic traces.
Stopped-flow displacement kinetics
The dissociation rate constants were measured by displacement kinetic experiments. PDZ2 (10 μM) and D-EQVSAV or D-EQVpSAV (10 μM) were rapidly mixed with an excess of competing non-dansylated peptide (EQVSAV) at three different concentrations (50, 75 and 100 μM). In all cases, observed kinetics were found to be invariant to the concentration of binding competitor and consistent with a single exponential, as expected at high concentration of competitor. The dissociation rate constant k off was estimated as the average of the three measured observed rate constants. 
Results and discussion
To study the binding between PDZ2 and RIL in its phosphorylated and unphosphorylated states, we used dansylated peptides corresponding to the C-terminus of RIL, D-EQVSAV, where D is the dansyl group, and D-EQVpSAV, where pS is phosphoserine. In analogy to our previous studies on PDZ domains (Gianni et al., 2005a (Gianni et al., ,b, 2006 (Gianni et al., , 2011 Chi et al., 2006 Chi et al., , 2009 Chi et al., , 2012 Jemth and Gianni, 2007; Di Silvio et al., 2014) , binding was monitored by between a fluorescence donor (an engineered Trp residue in PDZ2, namely Y43W) and the dansyl group covalently attached to the N-terminus of the peptides. When the distance between the donor and the acceptor is reduced, upon protein-peptide association, Forster Resonance Energy Transfer the fluorescence of the dansyl group is increased, while the fluorescence of the tryptophan group is decreased and binding can be monitored spectroscopically. Previous control experiments revealed dansylation to have a negligible effect on the affinity between this PDZ domain and its ligand (Gianni et al., 2005a (Gianni et al., ,b, 2006 (Gianni et al., , 2011 . Furthermore, while position Y43 may have some indirect effect on ligand binding, no direct interaction with the ligand has been previously observed (Gianni et al., 2005b) .
To address the binding of PDZ2, we performed equilibrium experiments at 10°C in the presence of 50 mM sodium phosphate buffer at pH 7.2. The experiments were conducted by mixing a constant concentration of PDZ2 Y43W (1 μM) with increasing concentrations of peptides, typically from 1 to 30 μM for D-EQVSAV and from 1 to 100 μM for D-EQVpSAV. Figure 2 compares the equilibrium transition of the phosphorylated and unphosphorylated peptides at the same experimental conditions. It is evident that the phosphorylation destabilizes the complex between the peptide and the PDZ domain, with an apparent K D changing from 2.6 ± 0.1 μM to 13 ± 1 μM, as monitored by the equilibrium binding experiment.
In an effort to investigate in detail the mechanism of destabilization induced by phosphorylation, we performed stopped-flow pseudo-first order kinetic experiments. Under all the conditions explored, the observed time courses were satisfactorily fitted by a singleexponential function, suggesting that binding occurs via a simple two-state mechanism, without detectable accumulation of intermediates. The two-state nature of the reaction was also confirmed by the linear dependence of the observed rate constant on peptide concentration (Fig. 3) . In all cases, the dissociation rate constant was also measured by displacement experiments by mixing a pre-formed complex between PDZ2 and the RIL peptides with an excess of nondansylated peptide. In such experiments, the observed rate constant approaches the dissociation rate constant k off at high concentration of the competing non-dansylated peptide, as described previously (Gianni et al., 2011) . Analysis of the data yields a bimolecular association rate constant k on = 7.6 ± 1.1 μM −1 s −1 and a dissociation rate constant k off = 46 ± 7 s −1 for D-EQVSAV and a k on = 31 ± 5 μM
and a dissociation rate constant k off = 710 ± 40 s −1 for D-EQVpSAV.
Hence, it is interesting to note that, while phosphorylation clearly destabilizes binding, it contributes to an acceleration of complex formation, due to increased binding rate constants, while destabilizing the overall complex, as a result of an increased k off . The Ser residue in the RIL peptide directly interacts with a conserved His residue in helix α2, which acts as a hydrogen bond acceptor ( Fig. 1) (Walma et al., 2002) . We have previously shown that destabilization of such an interaction, for example by protonating the histidine residue at low pH or by mutagenesis, results in an increase in the dissociation rate constant k off , suggesting that hydrogen bond formation is a late event in the mechanism of PDZ-ligand binding that occurs downhill of the main rate limiting barrier (Chi et al., 2006) . In light of this observation, we suggest that the increase in k off in the D-EQVpSAV peptide is due to the destabilization of the hydrogen bond, induced by phosphorylation.
Phosphorylation of the Ser residue in the RIL peptide gives an increase in negative charge of the molecule from −1 to −3. Thus, the increase in k on may arise from charge effects. To test this hypothesis, we conducted equilibrium and kinetic binding experiments on D-EQVSAV and D-EQVpSAV at increasing ionic strengths. While we could explore the equilibrium binding of both peptides at different ionic strengths, varying from 0.1 to 1.3 M, in the case of D-EQVpSAV, the binding kinetics could only be measured up to 0.25 M, probably being too fast for our stopped-flow apparatus at higher ionic strengths. The calculated thermodynamic and kinetic binding parameters are reported in Table I .
The ionic strength dependence of the K D value for the interaction between PDZ2 and D-EQVSAV and D-EQVpSAV, respectively, was analyzed using the Debye-Hückel equation. The analysis revealed that the slope of the phosphorylated peptide is more pronounced than that of the unphosphorylated one (Fig. 4) . This observation, together with the observed decrease in k on of >2-fold in D-EQVpSAV, when the ionic strength is increased from 0.1 to 0.25 M, compared with the negligible change in the case of D-EQVSAV, suggests that the increase in negative charge of the phosphorylated peptide contributes to the increase in k on . However, the increase in k off upon phosphorylation masks the stabilizing effect of the charge and leads to an overall destabilization of the PDZ-peptide complex.
A method to mimic phosphorylation, used sometimes for cellular and in vivo studies, is to mutate the relevant residue to a negatively charged side chain, such as glutamic acid or aspartic acid. Indeed, this type of mutation, glutamic acid in particular, has been used on PDZ domains to show that phosphorylation abrogates binding between PDZ domains and the PBM (Chung et al., 2000; Thomas et al., 2005; Shao et al., 2010; Stein and Chetkovich, 2010) . To provide a quantitative assessment of the validity of this approach in PDZ domains, we characterized the binding between PDZ2 and D-EQVEAV, in which Ser −2 has been replaced with Glu. While we could not observe any reliable kinetic transition, possibly because the reactions were too fast for the stopped-flow apparatus, the equilibrium experiments returned measurable parameters, listed in Table I . Mutation of serine to glutamate induces a more pronounced effect in K D , compared with phosphorylation, with the observed K D reaching 52 ± 3 µM at low ionic strengths, as compared with the value of 13 ± 1 µM for D-EQVpSAV. Furthermore, an analysis of the dependence of the dissociation constant by following the DebyeHückel equation (Fig. 4) results in a different slope for D-EQVEAV as compared with D-EQVpSAV, indicating that mutation into Glu not only overestimates the effect of phosphorylation on the binding affinity, but also is not a valid mutation to analyze the effect of charge of this type of post-translational modification. Table I . Binding parameters between PDZ2 and the RIL peptides at different experimental conditions
D-EQVSAV 0 7.6 ± 1.1 46 ± 7 2.6 ± 0.1 75 8.9 ± 0.7 48 ± 5 3.7 ± 0.3 150 6.9 ± 1.2 59 ± 6 7.2 ± 0.6 300 4.1 ± 0.4 49 ± 3 8.6 ± 0.4 600 3.1 ± 0.4 55 ± 3 1 3 ± 1 1200 2.1 ± 0.2 65 ± 2 2 8 ± 2 D-EQVpSAV 0 3 2 ± 6 710 ± 40 13 ± 1 75 18 ± 3 600 ± 50 26 ± 1 150 12 ± 2 630 ± 30 52 ± 3 300
Calculated from pseudo-first order binding and displacement experiments. Calculated from equilibrium binding experiments. 
Conclusions
Although phosphorylation of the PBM appears to be an important mechanism of regulation of binding it has been poorly characterized in vitro. Here, we provide a quantitative characterization of the effect of phosphorylation on the binding between PDZ2 and the PBM of RIL. We show that phosphorylation has a complex effect on binding, characterized by a charge mediated acceleration of complex formation but an overall destabilization of the complex, probably because of a weaker hydrogen bond between His71 of PDZ2 and Ser −2 of the ligand. Furthermore, we show that mutation of Ser −2 to Glu is a poor mimic of Ser phosphorylation for this particular PDZ-peptide interaction.
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